• C for 12 hours produces Mn 3 O 4 nanoparticles. They were characterized by X-ray powder diffraction (XRD) and infrared spectroscopy (FTIR). The particle size estimated from the SEM and X -ray peak broadening is approximately 32 nm, showing them to be nanocrystalline. EPR measurements confirm a typical Mn 2+ signal with a highly resolved hyperfine structure.
Introduction
Mn 3 O 4 synthesis has gained significant attention due to its wide range of applications, such as high-density magnetic storage media, catalysts for the decomposition of exhaust gas NO x , oxidation of methane and carbon monoxide, ion exchange, molecular adsorption, electrochemical materials, varistors, solar energy transformation, selective reduction of nitrobenzene, etc. It has been shown to be a corrosion-inhibiting pigment for epoxypolyamide and epoxy-ester based paints. It is also a starting material in manufacturing soft magnetic materials such as manganese zinc ferrite, used in power supply transformer cores [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Hausmannite, Mn 3 O 4 , is a normal spinel with Mn 2+ in the tetrahedral sites and Mn 3+ * E-mail: hbaykal@fatih.edu.tr in the octahedral sites, Mn
4 . There are 32 oxygens and 24 cations in the unit cell [12] .
The conventional high temperature calcination preparation of Mn 3 O 4 leads to inconsistency in product quality and is uneconomic. The sol-gel method has been found to be expensive, time consuming and polluting. Recently, Mn 3 O 4 has been prepared by microwave irradiation [15] .
In recent years, different precipitation approaches based on hydrothermal or solvothermal methods have been reported [13, 14] . This allows synthesis at a far lower temperature than calcination but it requires a long reaction time (48 to 72 h) at elevated temperature and pressures.
All these methods form Mn 3 O 4 only at temperatures well above 100
• C. However, the gel to crystalline conversion method forms final products around 100
• C. This method differs from the tradional sol-gel technique in that a) no expensive alkoxides are used, and b) higher temperature is unnecessary. Since EPR is able to detect isolated paramagnetic species and gives information about their coordination, it can be used to detect Mn 2+ and Mn 4+ . Mn 3+ is usually not detected due to the lack of ground-state degeneracy [16, 17] . In this study, nanocrystalline Mn 3 O 4 was prepared by the reflux method [18] . EPR was used to determine the manganese coordination.
Experimental

Synthesis
To prepare 0.2 M Mn +2 solution, analytical grade MnCl 2 2H 2 O was dissolved in deionized water. Concentrated ammonium hydroxide was added dropwise to precipitate hydrated manganese hydroxide gel. The gel was washed to remove anions and transferred to a flask fitted with a reflux condenser. The temperature was maintained at 85
• C for 12 hours while the gel was continuously stirred. The solid product was filtered and oven-dried. It was crystalline and free flowing.
Measurements
Structural characterization was performed using a Huber JSO-DEBYEFLEX 1001 Xray Diffractometer (Cu K α radiation) operated at 40 kV and 35 mA. Fourier transform infrared (FTIR) transmission spectra were obtained on a Mattson Satellite Infrared Spectrometer from 4000 to 400 cm −1 . Samples were mixed with KBr powder for FTIR measurements. Background correction was made using a blank KBr pellet as the reference. For sample preparation (texturation) in polystyrene, the particles were dispersed in ethanol; polystyrene was also dissolved in ethanol. The solutions were mixed and the solvent allowed to evaporate completely. During evaporation, the sample was subjected to an external magnetic field; at the end of the evaporation the easy magnetization axes of particles were assumed to be aligned along the direction of the applied field. The final concentration of particles in polystyrene was less than 2% by weight in a thick film.
EPR measurements were performed using a Bruker EMX X-band (9.7 GHz) spectrometer equipped with a cylindrical TE 011 cavity. The sample (about 2mm × 3mm) was placed onto a quartz sample holder, put into the cavity and held either parallel or perpendicular to the applied magnetic field. ESR spectra were obtained by sweeping the magnetic field from 0 to 16 kOe. The magnetic field was calibrated using a α, α-diphenyl-β-picryl hydrazyl (DPPH) sample (g = 2.0036). The field derivative of microwave power absorption, dP/dH, was recorded as a function of DC magnetic field H. To obtain the absorption intensity, P, digital integration of the EPR curves was performed by using Bruker WinEPR software. A goniometer was used to rotate the sample with respect to the external magnetic field to observe angular variations of the EPR spectra, but none was detected.
Results and discussion
X-ray diffraction
The sample before reflux was amorphous. Figure 1 shows the XRD of the sample after heating at 85
• C. The observed d-lines (Table 1) The particle size of the product estimated from the X-ray peak broadening of the (2 1 1) diffraction peak using the Scherrer formula is 32 nm, showing that the synthesized powder contains nanometer sized crystallites. Figure 2 shows the FTIR spectrum of the heated product. Two broad peaks at 3440 and 1630 cm −1 occur due to a small amount of absorbed water. Two absorption bands are observed at 609 and 495 cm −1 , associated with the coupling between Mn-O stretching modes of tetrahedral and octahedral sites [19, 20] . Thus, the FTIR spectrum further confirms that the product is Mn 3 O 4 . Figure 3 shows the room temperature EPR spectrum of Mn 3 O 4 nanoparticles texturated in polystyrene, giving a typical Mn 2+ signal with highly resolved hyperfine structure. The strong and broad absorbance shows well resolved hyperfine peaks with g 0 ≈ 2.009 (close to the free electron g-value of 2.0023) and 93 G splitting between hyperfine peaks. A value of about 2 for g is expected from an S state ion like Mn 2+ (S=5/2) [20] . In contrast,
FTIR spectroscopy
EPR measurements
Zhang et al. have observed a Mn 2+ signal with poorly resolved hyperfine structure for Mn 3 O 4 nanocrystallites synthesized by the solvothermal method [22] . Molecular tumbling effects are observed in the line width of spectra. Nevertheless, signals from solution forms have almost isotropic g 0 and a 0 values. There are small differences in adjacent peak separations of hyperfine lines due to second order effects [23, 24] Since paramagnetic Mn 2+ electron spins see their own nuclear spins distributed randomly among 6 nuclear states, the transition between the electronic magnetic states (|Ms -1/2>, |Ms +1/2>) is split into 6 hyperfine components separated by about 90-110G. If the intrinsic linewidth is larger than this splitting, then the six components overlap giving a broad (at least 500-600 G) single line [21] . The presence of 6 hyperfine components separated by about 93 G in our spectrum shows that the Mn 2+ behave as isolated paramagnetic ions.
SEM analysis
The microstructure and morphology of the Mn 3 O 4 nanoparticles was examined by SEM. Fig. 4a and 4b show an overall picture of the network structure. A closer examination, Fig. 4c , shows that these networks are formed by particles with sizes in the submicron range. These particles have varying morphologies, ranging from individual spherical nanoparticles to sintered aggregates through high aspect ratio particles, making it difficult to estimate an average size. Based on Fig. 4d , the primary particle size can be estimated as 25-30 nm and aggregates up to 200 nm are easily seen. 
Conclusion
XRD and FTIR show that the heated product is nanoparticulate Mn 3 O 4 , with the average particle size around 32 nm. The EPR spectrum shows a typical Mn 2+ signal with a highly resolved hyperfine structure.
